Peroxynitrite, the reactive species formed in vivo by the reaction of nitric oxide with superoxide anion, is capable of diffusing across erythrocyte membranes via anion channels and passive diffusion (A. Denicola, J. M. Souza, and R. Radi, Proc. Natl. Acad. Sci. USA 95, 3566 -3571, 1998). However, peroxynitrite diffusion could be limited by extracellular targets, with the reaction with CO 2 (k 2 ‫؍‬ 4.6 ؋ 10 4 at 37°C and pH 7.4) the most relevant. Herein, we studied the influence of physiological concentrations of CO 2 on peroxynitrite diffusion across intact red blood cells. The presence of CO 2 inhibited the oxidation of intracellular oxyhemoglobin by externally added peroxynitrite. However, the inhibition by CO 2 decreased at increasing red blood cell densities. At 45% hematocrit, 1.3 mM CO 2 (in equilibrium with 24 mM bicarbonate, at pH 7.4 and 25°C) only inhibited 30% of intracellular oxyhemoglobin oxidation. This partial inhibition was also observed in red blood cells pretreated with the anion exchanger inhibitor 4,4-diisothiocyanatostilbene-2,2-disulfonic acid, ruling out a competition between peroxynitrite and bicarbonate for the transport through the anion channel. A theoretical model was developed to estimate the diffusion distance and half-life of extracellular peroxynitrite before reacting with intracellular oxyhemoglobin, at different red blood cell densities, and in the presence or absence of CO 2 . The theoretical model correlated well with the experimental data. Our results indicate that, even in the presence of CO 2 , peroxynitrite is able to diffuse and reach the inside of the erythrocyte.
Peroxynitrite anion (ONOO Ϫ ), the product of the reaction between superoxide anion (O 2 •Ϫ ) and nitric oxide (
• NO), is a strong oxidant known to be formed in vivo. Peroxynitrite can directly oxidize a variety of biomolecules including thiols (1), lipids (2), carbohydrates (3), and DNA (4) via complex and strongly pH-dependent oxidative reaction mechanisms. In addition, peroxynitrite is capable of nitrating aromatics (5, 6) in a process that can be enhanced by metal centers and CO 2 (7, 8) .
Recent studies have shown that peroxynitrite is capable of diffusing across biological membranes (9, 10) , allowing the interaction of extracellularly generated peroxynitrite with intracellular targets. For instance, peroxynitrite can diffuse across erythrocyte membranes by two mechanisms (9) : In the protonated form, peroxynitrous acid (ONOOH, pK a ϭ 6.8, Ref. 1) can cross the lipid bilayer by passive diffusion, while the anionic form diffuses through the 4,4Ј-diisothiocyanatostilbene-2,2Ј-disulfonic acid (DIDS) 3 -inhibitable anion channel, which normally participates in the chloride-bicarbonate exchange. The experimental conditions used in the previous studies (9, 10) were such that the only route of peroxynitrite decay in the extracellular milieu was the proton-catalyzed decomposition (t 1/ 2 Ϸ 0.77 s at 37°C and pH 7.4), since the red blood cells (RBC) had been resuspended in isotonic phosphate buffer saline solution. However, in the presence of relevant extracellular target biomolecules, the halflife of peroxynitrite would be significantly lower than 0.7 s due to fast bimolecular reactions (11) . Thus, despite the ability of peroxynitrite to permeate through biological membranes, it is important to define whether the biological half-life of peroxynitrite is compatible with the times required to diffuse to a cell and reach intracellular targets.
The reaction between peroxynitrite and CO 2 , which leads to the formation of nitrosoperoxocarboxylate 4 (ONO 2 CO 2 Ϫ ) (8, 12, 13) , represents a key route of peroxynitrite consumption in biological systems. The product of this reaction, ONO 2 CO 2 Ϫ , can also participate in oxidation and nitration processes, redirecting the primary reactivity of peroxynitrite (8) . Due to the high extracellular concentrations of CO 2 in human tissues (1-2 mM) and the second-order rate constant reaction for ONOO Ϫ with CO 2 (k 2 ϭ 5.8 ϫ 10 4 M Ϫ1 s Ϫ1 at 37°C) it has been proposed that in vivo, this is the most important extracellular reaction of ONOO Ϫ , representing more than 90% of its extracellular fate (11, 14) . Furthermore, nitrosoperoxocarboxylate is likely to have a short half-life (Ͻ1 s, Ref. 15 ) and it mostly decays to nitrate; therefore, CO 2 could have a strong inhibitory effect on peroxynitrite diffusion.
Using an experimental model in which erythrocyte suspensions are exposed to extracellular peroxynitrite as previously (9), herein we have investigated the influence of physiological CO 2 concentrations on peroxynitrite diffusion to the intraerythrocytic compartment.
MATERIALS AND METHODS
Chemicals. DIDS and nigericin sodium salt were from Sigma. All other reagents were of research grade quality. Peroxynitrite was synthesized in a quenched-flow reactor as previously described (1, 3) with minor modifications (16, 17) and stored at Ϫ70°C until use. Peroxynitrite concentrations were determined spectrophotometrically at 302 nm ( ϭ 1670 M Ϫ1 cm Ϫ1 ). The concentration of nitrite and the lack of hydrogen peroxide in the peroxynitrite preparations were determined as previously (9) . The ratio of NO 2 Ϫ : ONOO Ϫ on peroxynitrite stock solutions was near 0.5.
Concentration of hemoglobin. The concentrations of oxy-and methemoglobin were determined spectrophotometrically by measuring the absorbance at 577 and 630 nm as described by Winterbourn (18) : oxyhemoglobin (concentration of heme, M) ϭ 66 A 577 Ϫ 80 A 630 ; methemoglobin (concentration of heme, M) ϭ 279 A 630 Ϫ 3 A 577 .
Preparation of red blood cells. Freshly heparinized human blood was centrifuged at 800g, 10 min. The plasma and buffy coat were discarded, and the RBC pellet was washed with 0.15 M NaCl/5 mM phosphate buffer, pH 7.2, and kept at 4°C until use on the same day. The concentration of hemoglobin used in intact RBC experiments is expressed as the concentration of oxyhemoglobin (concentration of heme, M) released after lysis, which is achieved by pelleting the cells and resuspending them in the same volume of distilled water (9) . The RBC percentages were calculated assuming that a hemoglobin (tetramer) concentration of 5 mM (20 mM heme) corresponds to a 100% of RBC. Normal hematocrit corresponds to 45% RBC in blood, which represents 4.5 ϫ 10 9 RBC/ml (19) .
Hemoglobin oxidation by peroxynitrite in the presence of CO 2 . Suspensions of RBC (300 M-4 mM oxyhemoglobin) in isotonic buffer A (80 mM potassium phosphate buffer/40 mM NaCl/10 mM KCl, pH 7.3) or B (80 mM potassium phosphate buffer/25 mM NaHCO 3 /10 mM KCl, pH 7.1) were incubated for 10 min at room temperature with nigericin (10 g/ml) before addition of peroxynitrite. Nigericin was added in order to equilibrate intra-and extracellular pH, as previously (9) . The buffers were adjusted so that the final pH under all conditions was 7.4. Peroxynitrite concentration was in all cases fourfold lower than the corresponding heme concentration, in order to always assure an excess of oxyhemoglobin. Addition of peroxynitrite was performed under vigorous vortexing at 25°C, the reaction completed in 10 s, and the suspension immediately centrifuged (8000g, 10 s). The supernatant was set aside to measure pH and the pellet resuspended in the same volume with distilled water. The whole procedure after addition of peroxynitrite was completed in Ϸ2 min. After appropriate dilutions, the absorbances at 577 and 630 nm of the lysates were measured and yields of intracellular oxyhemoglobin oxidation were calculated as the ratio between methemoglobin concentration and total hemoglobin. The percentage of inhibition of oxyhemoglobin oxidation by CO 2 was calculated as follows:
where % metHb (ϩCO 2 ) and % metHb (ϪCO 2 ) represent the yield of oxyhemoglobin oxidation in the presence and absence of CO 2 , respectively. Differences between buffer pH and final pH were due to peroxynitrite addition, which is stored in a 1 M NaOH solution.
In another set of experiments, the experimental procedure was analogous, but the RBC percentage was kept constant (2, 13, and 26%) and the bicarbonate concentration increased from 0 to 25 mM. A stock solution of isotonic buffer (80 mM potassium phosphate/50 mM NaHCO 3 /5 mM KCl) was prepared and appropriate aliquots of this buffer were mixed with buffer A in order to achieve the desired bicarbonate concentrations. Peroxynitrite concentrations were chosen so that under all conditions of RBC densities the yields of methemoglobin obtained in the absence of CO 2 were near 50%.
Alternatively, a stopped-flow-like dispositive was devised in order to perform the experiments with another mixing method. Briefly, two 1-ml syringes were connected by tubings to a Teflon mixing chamber of 1 mm diameter. One of the syringes contained the RBC suspension in isotonic buffer and the other contained the peroxynitrite solution diluted in 0.15 M NaCl in order to preserve the isotonicity after mixing. The syringes were simultaneously triggered under the same piston at moderate pressure to prevent RBC lysis. Equal volumes (125 l each) of both reactants were then mixed and the resultant suspension was collected to determine the yield of oxyhemoglobin oxidation as described above.
Effect of DIDS on peroxynitrite diffusion in the presence of CO 2 . A stock of RBC suspension (10 mM oxyhemoglobin, heme concentration) was incubated with 10 mM DIDS for 30 min at room temperature. After that, cells were washed with 0.15 M NaCl/5 mM phosphate buffer, pH 7.2, to remove an excess of DIDS. Then, the oxidation experiments with and without CO 2 were performed as described above.
General procedures. All spectrophotometric measurements were performed in a Milton Roy Spectronic 3000 Array spectrophotometer. For all experimental conditions, control runs were performed with peroxynitrite that had been previously decomposed in buffer (reverse addition experiments). These controls allow discounting the contribution of contaminants of the peroxynitrite preparation and decom- 4 
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ROMERO ET AL. position products (in particular nitrite) to oxyhemoglobin oxidation yields as previously discussed (9) . The preparation of bicarbonate buffers was done according to (20) . Briefly, a sodium bicarbonate stock solution was prepared in freshly boiled deionized water immediately before the experiments. Appropriate aliquots of this stock solution were added to the buffer solution a few minutes before addition of peroxynitrite. At pH 7.4, 25°C, and a pK a of 6.1 for the equilibrium between CO 2(aq) and HCO 3(aq) Ϫ (21), 25 mM of initial HCO 3 Ϫ corresponds to 1.3 mM of dissolved CO 2 . Each experimental observation was reproduced a minimum of three times on independent days.
RESULTS AND DISCUSSION
Oxidation of intracellular oxyhemoglobin in the presence of CO 2 . Addition of peroxynitrite to RBC in phosphate buffer resulted in significant oxyhemoglobin oxidation yields (Fig. 1 ) in line with previous results (9) . Oxidation yields obtained in the presence of different extracellular CO 2 concentrations are shown in Fig. 1 . As the CO 2 concentration increased, the percentage of oxidation decreased, in agreement with an inhibition of intracellular oxyhemoglobin oxidation due to the presence of an extracellular target. In these experiments we have worked at RBC densities lower than those found in human blood (Ϸ45%), because such high densities were not possible to achieve in our experimental design. Nevertheless, it was observed that at increasing RBC densities, the percentage of inhibition by CO 2 decreased. Thus, we further evaluated the interplay between CO 2 concentrations and RBC densities in the process of extracellular peroxynitrite diffusion into the erythrocyte. Figure 2 shows the inhibition of intraerythrocytic oxyhemoglobin oxidation at different RBC densities in the presence of a biologically relevant CO 2 concentration. At low RBC densities (Ϸ1%), the presence of 1.3 mM CO 2 almost completely prevented peroxynitrite oxidation of intracellular oxyhemoglobin. However, at increasing RBC densities, the inhibition of FIG. 1. Effect of CO 2 on intracellular oxyhemoglobin oxidation by externally added peroxynitrite. Peroxynitrite was added to intact RBC suspended in isotonic buffer A, at 25°C and pH 7.4, containing increasing concentrations of NaHCO 3 (0 -25 mM). RBC densities were 2.2% (s), 13% (}), and 26% (F). Peroxynitrite concentrations were 0.33, 0.40, and 1 mM, respectively, and were chosen so that the yield of methemoglobin in the absence of CO 2 was Ϸ50% of initial oxyhemoglobin present. The yields of methemoglobin obtained in the absence of CO 2 were 0.30, 0.74, and 2.5 mM, respectively. Open symbols (E) represent the yields of methemoglobin obtained when NaNO 3 (0 -25 mM) was used instead of NaHCO 3 . In this case, 5.5% RBC and 1 mM of peroxynitrite were used. Each data point represents x Ϯ SD (n ϭ 3) from a representative experiment.
DIFFUSION OF PEROXYNITRITE IN THE PRESENCE OF CO 2
oxyhemoglobin oxidation by CO 2 decreased, reaching values of Ϸ30% at RBC densities Ͼ30%. The reported results (Figs. 1 and 2) were obtained under conditions in which peroxynitrite was rapidly mixed with RBC under vigorous vortexing. Thus, the distribution of peroxynitrite in the suspension could be influenced by convective flows that exist during vortexing and cause deviations from the diffusion dictated by Fick's laws. In order to rule out a significant effect of vortexing on peroxynitrite diffusion to the RBC, experiments were repeated using a stopped-flow-like system in which both reactants (i.e., peroxynitrite and RBC) were simultaneously mixed under moderate pressures. The results obtained were identical to those obtained with the first experimental approach (data not shown), discarding a relevant effect of convecting forces on peroxynitrite diffusion.
In all the experiments, the final pH was 7.4, where 80% of peroxynitrite is present in the anionic form; thus, its diffusion across the erythrocyte membrane highly depends on the DIDS-inhibitable anion channel (9) . Since this channel allows the HCO 3 Ϫ /Cl Ϫ exchange under physiological conditions, we evaluated the possibility that the protection of oxyhemoglobin oxidation observed at increasing concentrations of CO 2 /HCO 3 Ϫ could be a consequence of a competition between ONOO Ϫ and HCO 3 Ϫ for the transport through the anion channel. To test this, experiments were performed using RBC previously treated with DIDS to block the anion channel (22) . In this case, the oxidation of intracellular oxyhemoglobin would relay mainly on the passive diffusion of the protonated form of peroxynitrite, ONOOH. As expected, the oxidation yields in the presence of DIDS were lower (9); however, no significant changes on the percentage of CO 2 inhibition were observed at the different RBC densities (Table I) , ruling out a possible competition for the anion channel. To further confirm this data, diffusion experiments were run at lower pH (6.5), under which more than 65% of peroxynitrite is protonated. The yields of oxyhemoglobin oxidation obtained at acidic pH were higher than at pH 7.4, in agreement with previous results (9) . Nevertheless, the behavior observed at increasing RBC densities was identical to that obtained in experiments at pH 7.4 (data not shown). Moreover, oxidation yields in the presence of increasing concentrations of the anion nitrate (NO 3 Ϫ , 5-25 mM), known to be a better competitor of the anion channel than bicarbonate (23), were marginally decreased (Ͻ10%, Fig. 1 ), in agreement with a high affinity of peroxynitrite to band-3. Taken together, the results support the concept that the partial inhibition of peroxynitrite-mediated oxyhemoglobin oxidation by bicarbonate/carbon dioxide was unrelated to the competition of bicarbonate with peroxynitrite for the channel and depended on the extracellular ONOO Ϫ /CO 2 reaction.
Theoretical model. Our results suggest the presence of two competing processes, the reaction of peroxynitrite with CO 2 and the diffusion of peroxynitrite to the RBC. We propose that as the interaction of peroxynitrite with RBC is diffusion limited (9), the diffusion of peroxynitrite inside the RBC will be revealed by the oxidation of oxyhemoglobin. At low RBC densities, the diffusion time of peroxynitrite to a RBC would be large enough so that the reaction with CO 2 will predominate, resulting in a nearly complete inhibition of oxyhemoglobin oxidation. On the other hand, at high cell densities, the diffusion distances and times would be shorter, so an important percentage of added peroxynitrite could reach and cross the erythrocyte membrane before reacting with CO 2 . As a consequence, the percentages of inhibition of oxyhemoglobin oxidation by CO 2 will be lower (Fig. 2) .
To test this hypothesis, we elaborated a theoretical model in order to estimate the mean distances between erythrocytes in suspension as a function of cell densities (Fig. 3) . In this model, every RBC was represented as a sphere of 2.8 m radius, r (calculated knowing the volume of a RBC, Ϸ90 m 3 ; Ref. 19) , surrounded by solvent, completing the volume of a cube. The ratio, n, between the volume of the cube (V cube ) and the erythrocyte volume (V RBC ) is determined by the RBC percentage (% RBC).
If we suppose that a peroxynitrite molecule added extracellularly in the vertex of a cube has a radial diffusion, the maximal diffusion distance of peroxynitrite to the first RBC is represented by the tangent to the sphere (see Fig. 3 ). We take this maximal distance as a good estimation of the mean diffusion distance, considering that there will be a significant number of molecules of peroxynitrite that "escape" from the cube without finding any RBC. From this hypothesis, a mean diffusion distance (⌬x) can be estimated by Eq. [3] that depends on RBC density (%RBC ϭ 100/n):
Considering extracellular decomposition of peroxynitrite as a pseudo-first-order process, we can estimate the concentration at a distance x of its source of production as
where kЈ 1 is the pseudo-first-order rate constant of Note. Peroxynitrite concentrations used were 0.34 mM at 1.9% RBC, 0.68 mM at 7% RBC, and 1.0 mM at 20% RBC in order to achieve similar oxidation yields.
where t 1/ 2 represents the half-life of peroxynitrite in this medium. If we assume a model in which the only cause of decay is the proton-catalyzed decomposition of peroxynitrite, the half-life is 2.7 s (25°C, pH 7.4). In the presence of 1.3 mM CO 2 in the extracellular milieu the half-life of peroxynitrite is reduced to 24 ms (t 1/ 2 ϭ ln 2/(k ϫ [CO 2 ])). The adduct formed, ONO 2 CO 2 Ϫ , has a very short estimated half-life (Ͻ1 s, Ref. 15). Considering that diffusion times required to find a RBC are in the millisecond range (Ref. 9 and see below), we can assume that the ONO 2 CO 2 Ϫ formed will decompose before reaching a erythrocyte, therefore, all methemoglobin detected under CO 2 is due to oxidation by peroxynitrite molecules which have diffused inside the RBC. Using Eq. [5] we can estimate the concentration of peroxynitrite in the layer of solvent nearest the erythrocyte membrane, which can potentially cross the membrane and oxidize a heme group (see below), and the inhibition percentage by CO 2 as a function of RBC density. According to this model (Fig. 2, dashed line) , the inhibition percentage by CO 2 will decrease at increasing red blood cell densities, a behavior similar to that obtained experimentally. The observed differences between the theoretical model and the experimental results could be a consequence of some assumptions made. First, the diffusion coefficient of peroxynitrite was assumed to be the same as that of nitrate (1500 m 2 s Ϫ1 ), but if it were somewhat lower (by ϳ20 -30%), the diffusion times required to reach a RBC would be higher and the model would adjust better. Second, at pH 7.4, most of peroxynitrite is transported to the RBC through the anion channel. Despite being an abundant membrane protein, only a fraction of the erythrocyte membrane surface is covered by anion channels. Therefore, a fraction of peroxynitrite molecules will not find a channel in the first encounter, increasing its diffusion half-time and the chances of reaction with CO 2 . Even with these limitations, the theoretical model reasonably adjusts to the experimental results (Fig. 2) and represents a sound approximation to rationalize the diffusion of peroxynitrite to cells in the presence of extracellular target molecules.
Physiological relevance. At 25 mM total bicarbonate, pH 7.4, and 37°C the half-life of peroxynitrite in the extracellular milieu is 12.3 ms. This is sufficient time for a ONOO Ϫ molecule to travel a mean distance of Ն6 m, which is larger than the mean distance between two RBC at 45% hematocrit (Ϸ5 m according to our model). Therefore, under physiological CO 2 concentrations about 60 -65% of extracellular peroxynitrite molecules will reach a RBC and only 35-40% will react with extracellular CO 2 , inhibiting intracellular oxyhemoglobin oxidation. A potential confounding factor for the inhibition observed could be the reaction of ONOO Ϫ with intracellular CO 2 . However, this is not the case, considering that (i) the reactions of peroxynitrite with intracellular oxyhemoglobin (20 mM heme, k ϭ 2 ϫ 10 4 M Ϫ1 s Ϫ1 ) is five to six times faster than that with CO 2 (1.5 mM, k ϭ 4.6 ϫ 10 4 M Ϫ1 s Ϫ1 ) at 37°C and (ii) the fraction of peroxynitrite reacting with intracellular CO 2 will give secondary oxidizing species, able to oxidize oxyhemoglobin with efficiencies slightly lower than but close to that of peroxynitrite (8) . Therefore, most peroxynitrite crossing the erythrocyte membrane will finally yield, directly or indirectly, methemoglobin. Once in the RBC, the presence of oxyhemoglobin and other intracellular targets make the half-life of peroxynitrite approximately 1.5 ms. As this half-life is less than the time required to diffuse a cell diameter, it is highly unlikely that intracellular peroxynitrite would leave out the erythrocyte.
Taking into account all of these considerations, we can extrapolate our results to a biological system such as blood, in which intravascularly generated peroxynitrite (25, 26) can diffuse to the vascular endothelium or circulating cells, outcompeting the reaction with plasmatic CO 2 . The average diffusion time of peroxynitrite to cells could be in many cases significantly smaller than the half-life for the reaction with CO 2 , allowing peroxynitrite to travel distances of one to two cell diameters, cross cell membranes, and react with intracellular targets. Thus, the presence of CO 2 will only partially redirect the reactivity of extracellular ONOO Ϫ and does not preclude its diffusion across biological membranes (Fig. 4) .
